Introduction
Dimethyl carbonate (DMC) has become a green and environmental benign chemical due to its multiple reactivity and widely potential usage in chemical industry 1 . It has been used as a substitute to replace dimethyl sulfate and methyl halides in methylation reactions and as a carbonylation agent to substitute phosgene for the production of polycarbonates and urethane polymers. It also has been evaluated to apply as non-aqueous electrolyte component in lithium rechargeable batteries. Additionally, DMC is a strong contender to help the refining industry meet the Clean Air Act specifications for oxygen in gasoline. DMC has about 3 times the oxygen content as methyl tert-butyl ether (MTBE) and its synthesis is not dependent upon FCU isobutylene yields like MTBE. DMC has a good blending octane (R + M/2 = 105), it does not phase separate in a water stream like some alcohols do, and it is both low in toxicity and quickly biodegradable 2 .
Many of the properties of DMC make it a genuinely green reagent, particularly if compared to conventional alkylating agents, such as methyl halides (CH 3 X) and dimethyl sulfate (DMS) or to phosgene used as a methoxycarbonylating reagent. Firstly, DMC has been proved to be a nontoxic compound. Some of the toxicological properties of DMC and phosgene and DMS are compared in Table 1 . Secondly, it has been classified as a flammable liquid, smells like methanol, and does not have irritating or mutagenic effects either by contact or inhalation. Therefore, it can be handled safely without the special precautions required for the poisonous and mutagenic methyl halides and DMS and the extremely toxic phosgene. Some physicochemical properties of DMC are listed in Table 2 .
The phosgene-free route for synthesis of DMC has been widely concerned by academic and industrial researchers, such as the oxidative carbonylation of methanol, the transesterification of propylene or ethylene carbonate (PC or EC), the methanolysis of urea and direct synthesis of carbon dioxide with methanol. Recently, the newly derived route of the synthesis of DMC by urea methanolysis method was considered as a novel routine for the DMC synthesis because of the advantages of easily obtained materials, moderate Table 2 . Some Physical and Thermodynamic Properties of DMC 1 reaction conditions and low investment for equipment. As a result, the separation of the reacted mixture which contain an azeotropic mixture of DMC and methanol became very important for the production of DMC.
The properties of DMC
The vapor pressure data of DMC
The vapor pressure of DMC has been measured by Rodriguez 3 . The data of the experiment of DMC has been showed in 
The vapor-liquid equilibrium
Vapor-liquid equilibrium (VLE) data are always required for engineering, such as designing in distillation tower, which is the most common operation performed in the chemical industry for the separation of liquid mixture. Dimethyl carbonate and methanol constitute azeotropic mixture in a composition ratio of 30:70 (weight ratio), and thus it is difficult to separate the mixture by distillation under normal pressure. ENIChem has a German patent showing that the percentage of methanol in the binary methanol-DMC azeotrope increases with pressure: going from 70% methanol at 101.33 kPa, up to 95% methanol at 1013.3 kPa.
The VLE for methanol and DMC
The thermodynamic properties of the binary methanol (1)-DMC (2) The azeotrope data for methanol-DMC on the high pressure has been show on the following table, which was a comparison of the data from different literature. The data has exhibited the composition of DMC in an azeotrope of DMC-methanol decreased with the increases of pressure. These thermodynamic data showed that the separation of the mixture of methanol and DMC would be difficult with the normal distillation. Table 9 . Vapor-liquid equilibrium data for DMC(1) + 1-pentanol (2) system at 101.3 kPa 4
The azeotropic mixture of DMC with some common compounds has been listed in 
The calculation of VLE
Rigorous thermodynamic model is the base of the process simulation and optimization. The vapor-liquid equilibrium relations for a binary system are:
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These correlations could be resolved by the Equation of State (EOS) functions. Although, Shi has correlated the vapor liquid equilibrium of methanol and DMC from the experiment data by a modified Peng-Robinson equation of stage both for the liquid and vapor phase, there had none of the EOS now available can simultaneously describe both of the liquid and vapor phase thermo-dynamical properties accurately, especially for liquid or liquid mixtures. Although EOS well expresses the p-V-T relationship of vapor or gas phase, the calculation for liquid density now is an unsubstantial domain for EOS. That is said that we cannot directly use EOS to predict the molar volume and fugacity of a liquid phase accurately.
Nowadays, the commonly used for the calculation of vapor liquid equilibrium was the combination of EOS +  method, which the EOS computed for the vapor phase and  for the liquid phase. And also the Henry's method was used to describe the gas liquid equilibrium.
Here listed one of EOS for the vapor or gas phase. The Peng-Robinson equation of state can be used to evaluate the compressibility factor and species fugacity coefficient.
RTc Pc  Shi et al used the follow correlation for the calculation of parameters of methanol and DMC:
The parameter of m and n for methanol and DMC was show below.
Methanol: m 1.1930; n 0.09370 DMC: m 1.0236; n 0.06463
The parameter also can be estimated by the following correlation:
, the function get the similar estimated value.
The mixing rule for the function used is as follow: The Peng-Robinson equation of state may be written in compressibility factor form:
 is expressed as follow:
where Z i is the compressibility factor and obtained from Eq. (4); The non-random two-liquid model (NRTL equation) is an activity coefficient model that correlates the activity coefficients γ i of a compound i with its mole fractions xi in the liquid phase concerned. The concept of NRTL is based on the hypothesis of Wilson that the local concentration around a molecule is different from the bulk concentration. This difference is due to a difference between the interaction energy of the central molecule with the molecules of its own kind U ii and that with the molecules of the other kind U ij . The energy difference also introduces a nonrandomness at the local molecular level.
The general equation is:
The UNIversal Functional Activity Coefficient (UNIFAC) method is a semiempirical system for the prediction of non-electrolyte activity estimation in nonideal mixtures, which was first published in 1975 by Fredenslund, Jones and Prausnitz. UNIFAC uses the functional groups present on the molecules that make up the liquid mixture to calculate activity coefficients. By utilizing interactions for each of the functional groups present on the molecules, as well as some binary interaction coefficients, the activity of each of the solutions can be calculated.
In the UNIFAC model the activity coefficients of component i of a mixture are described by a combinatorial and a residual contribution. The coordination number, z, i.e. the number of close interacting molecules around a central molecule, is frequently set to 10. It can be regarded as an average value that lies between cubic (z=6) and hexagonal packing (z=12) of molecules that are simplified by spheres.
Where r i is the volume parameters of component i, computed by
is the number of groups of type k in component i, and R j is the volume parameter for group k; q i is the area parameter for component i, calculated as Where the energy parameter of u ij characterize the interaction between group i and j, and estimated from experiment data.
Alternatively, in some process simulation software τ ij can be expressed as follows:
The "C", "D", and "E" coefficients are primarily used in fitting liquid-liquid equilibria (with "D" and "E" rarely used at that). The "C" coefficient is useful in vapor-liquid equilibria as well.
For the system mixture of DMC-Phenol and Phenol-Methanol 
Model for catalytic distillation for the synthesis of DMC by urea and methanol
The current routes for the DMC synthesis are the oxy-carbonylation of methanol (EniChem process and UBE process) and the trans-esterification method (Texaco process). Recently, an attractive route for the synthesis of DMC by a urea methanolysis method over solid bases catalyst has been carried out in a catalytic distillation
The catalytic distillation (CD) 7 , which is also known as reactive distillation (RD) that combines the heterogeneous catalyzed chemical reaction and the distillation in a single unit, has attracted more interest in academia and become more important in the chemical processing industry as it has been successfully used in several important industrial processes. The CD provides some advantages such as high conversion in excess of the chemical equilibrium, energy saving, overcoming of the azeotropic limitations and prolonging the catalyst lifetime. 8 The number of the contributions both for the simulative and experimental investigations about catalytic distillation are greatly increasing in recent years, especially for the modeling and simulation studies. And the applications of the catalytic distillation in its field are expanding. The modeling analysis approach for the design, synthesis, and feasibility analysis of the reactive distillation process have been parallely developed since the equilibrium stage model was used for process analysis through computer in late 1950s.
On current knowledge, the real distillation process always operates away from equilibrium and for multi-component mass transfer in the distillation, and the stage efficiency is often different for each component. 9 In recent years, the non-equilibrium model, also called rate-based model, has been developed for reactive distillation column to describe the mass transfer between vapor and liquid phase using the Maxwell-Stefan equations. 10 Always, the two phase non-equilibrium model is used for the prediction of the catalytic distillation, which treats the solid catalyst as a pseudo-liquid phase for the reaction in the catalyst. Also a more complex three-phase model 11 have been developed in some contributions in recent years to rigorously describe the reaction kinetics and mass transfer rate between the liquid and the solid catalytic phase in the catalytic distillation. However, a pseudo-homogeneous non-equilibrium model might adequately simulate the temperature profile, yield and selectivity for a CD process for a kinetically controlled reaction system. Additionally, the difficulties are related to the determination of additional model parameters required when using such models, and good estimation methods for the calculation of the diffusion coefficients and the non-ideal thermodynamic behavior inside a catalyst are also absent.
In our former work 12 , modeling and simulation of such a catalytic distillation process for the DMC synthesis from urea and methanol was carried out based on the non-equilibrium model. The heterogeneously catalyzed reactions in the liquid bulk phase are considered as pseudo-homogeneous for the synthesis of DMC. Furthermore, the effect of distillation total pressure and the reaction temperature was studied. The interaction between the chemical reaction and the product separation were illustrated with the non-equilibrium model. And the mass transfer rate between the liquid and vapor phase have been taken into account by using the Maxwell-Stefan equations.
The configuration of the simulated catalytic distillation
The simulated column, a two meter tall stainless steel reactive distillation with an inner diameter of 22 mm, was configured with two feeding inlets and a side outlet. The materials were fed into the distillation column through preheater with volumes of 500ml for each feed stream. It would take about 2-5 hours for the feed material to pass though the preheater to the distillation column, which was enough for the complete conversion of urea to MC in the preheater, as the first reaction for DMC synthesis by urea methanolysis method could take place with high yield even in the absence of catalyst. The distillation column was divided into three sections, the rectifying section, the reaction section and the stripping section. 100 ml catalyst pellets weighted 103g with an average diameter of 3 mm were randomly packed in the reaction zone and the grid metal rings with a diameter of 3.2 mm were packed into the non-reaction zones. The distillation configured with a partial condenser to release the non-condensing gas of ammonia and a partial reboiler to discharge the heavy component of MC. The temperature in the reaction zone was set to 454.2 K for the synthesis reaction and the process was carried out under the pressure of 9-13 atm.
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Chemical reactions
The synthesis of DMC from urea and methanol is catalyzed by the solid base catalysts shown in the scheme. The synthesis of DMC is a two-step reaction. The intermediate methyl carbamate (MC) is produced with high yield in the first step and further converted to DMC by reacting with methanol on catalyst in the second step. Our co-workers have developed the ZnO catalyst to catalyze the DMC synthesis reaction in CD process, which exhibited high activity toward the reactions. It was found by our workers that the reaction of the first step took place with high yield even in the absence of catalyst, and the catalyst was mainly effective for the second step. In CD process for the synthesis of DMC, the material mixture of urea and methanol was fed in the CD column through a preheater which has been heated to 423K and the materials stayed in the preheater for sufficient time to convert the urea to MC. It could be seen that MC should almost exist in the liquid phase in CD process under high pressure and the reactions would take place in the liquid phase in a CD reaction zone. The system included a binary azeotrope of Me-DMC and the predicted data have been shown in Table 2 , with respective boiling points at different pressures. Since the system included a no condenser component of ammonia and a binary azeotropic pair of methanol-DMC, it shows the strong non-ideal properties and the vapor liquid equilibrium was calculated by the EOS + activity method.
The non-equilibrium model
The non-equilibrium model is schematically shown in Fig.2 . This NEQ stage represents a section of packing in a packed column. The heterogeneously catalyzed synthesis of DMC in CD process is treated as pseudo homogenous. Mass transfers at the vapor-liquid interface are usually described via the well-known two-film model. A rigorous model for catalytic distillation processes have been presented by Hegler, Taylor and Krishna. In the present contribution the two-phase non equilibrium model have been developed to investigate the steady state of the DMC synthesis process in catalytic distillation.
The follow assumptions have been made for the non-equilibrium model: (1) the process reached steady state; (2) the first reaction has been omitted as it took place with high yield in the preheater; (3) the reactions occurred entirely in the liquid bulk; (4) the reactions have been considered as pseudo-homogeneous; (5) the pressure in the CD column has been treated as constant.
The model equations composed of material balance, energy balance, mass transfer, energy transfer, phase equilibria, pressure drop equations and summation equations, which had been showed under the follows:
The material balances both for vapor and liquid phase are defined as:
The multi-component mass transfer rates are described by the generalized Maxwell-Stefan equations. The mass transfer equations for liquid phase are described as follow:
where i  represent the chemical potential, L ij k is liquid mass transfer coefficient. Only 1 c  of these equations are independent. The vapor phase mass transfer has a similar relation to the liquid phase.
The energy balances for both vapor and liquid phase are defined as: 11 (1 ) 0
where the vapor and liquid energy transfer rate is considered as equal. The vapor heat transfer rate is defined as:
The Vapor-liquid equilibrium occurs at the vapor-liquid interface: ,, ,
where the superscript I denotes the equilibrium compositions at the vapor-liquid interface and , I i j K represents the vapor liquid equilibrium ratio for component i on stage j. And the equilibrium constant is computed by:
The Wilson equations for the liquid phase have been selected to calculate the liquid activity coefficient.
In addition to the above equations, there also have the summation equations for the mole fractions: 
Heat transfer coefficients are predicted using Chilton-Colburn analogy as follow: Defined the consumptive coefficient as:
,, ,
For the condition of x i equal zero, the consumptive coefficient is set to zero.
The method of Maxwell-Stefan equations
For the multi-component mass transfer in the catalytic distillation can be considered as the one dimensional mass transfer behavior 13 . And the vapor liquid equilibria is achieved at the vapor liquid interface. It can be noticed that there are no accumulation on the vapor liquid interface and the mass transfer of vapor and liquid are equal to each other.
Fig. 2. The multi-components mass transfer
According to the two-film theory, the Maxwell-Stefan equations for vapor and liquid phase are shown as: For the liquid mass transfer equations, it could be rearranged by n-1 matrix as:
Where:
 represent the matrix of Thermal factor for multi-component. The elements of the thermal factor matrix are the partial molar difference of activity coefficient of the component mixture, which could be computed as follow:
Note: This solution of partial molar difference of activity coefficient was restricted by the summation equation. This should be especially noted.
For the liquid mass transfer equation, it could be written as:
The mass transfer rates were consistent along the film distance, and the differential equation could be written as: The differential equations could be solved as:
Additionally, the mass transfer fluxes were expressed as:
The energy balance should occur on the vapor liquid interface, and these could be written as:
As a result, the mass transfer rate could be described as: 11 () () Where the high flux correction factor were defined as:
Similarly, the mass transfer for vapor phase could be described as:
The total mass transfer rates described by vapor phase were showed as:
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The solving for these mass transfer equations involved an iterative method and the more mathematic knowledge were needed for the calculation of high flux correction factor, which exponent calculations for a matrix were involved. The computational codes have been developed by the author. Otherwise, these equations were more complicated for the mass transfer in a catalytic distillation system.
Power et al. (1988) found that the high flux correction factor, which is for the calculation of multi-component mass transfer, is not important in distillation and it has been ignored in the calculation for distillation system. In the non-equilibrium stage model of Krishnamurthy and Taylor (1993) , the total mass transfer rates are obtained by combining the liquid and vapor mass transfer equations, which the high flux correction factor has been ignored, and multiplying by the interfacial area available for mass transfer. As a result, the total mass transfer rates for the vapor phase described as matrix form are: 14 
The similar correlation can be described for liquid phase. Where  is the unit matrix.
Solving of the non-equilibrium model
By combining the above mentioned equations, the vapor component can be determined by the liquid bulk composition, which described by the matrix form as: 15
Defined the single stage vaporizing coefficient: 
The model results
The typical modeling data for the catalytic distillation of DMC synthesis process from urea and methanol over solid base catalyst, which was operated under the pressure of 9 atm. [16] [17] Parameter Measured Estimated 
Separation of the mixture of methanol and DMC
Separation of azeotropic mixtures is a challenge commonly encountered in commodity and fine chemical processes. Many techniques suitable for separation of azeotropic mixtures have been developed recently, such as pressure-swing distillation (PSD), extractive and azeotropic distillation, liquid-liquid extraction, adsorption, prevaporation using membrane, crystallization and some new coupling separation techniques. Despite of the newly developed membrane separation process or adsorption process, it was very important to properly design of the traditional separation of DMC from the reaction mixture using the distillation tower with the existence of the azeotrope of methanol-DMC for large scale of DMC production.
Zhang 18 has developed a process model for atmospheric-pressurized rectification to simulate the separation of DMC and methanol with low concentration DMC, which came from the DMC synthesis through urea methanolysis method. The simulation was carried out based on the Aspen Plus platform with the Wilson liquid activity coefficient model. Li 4 has given a pressurized-atmospheric separation process for separating the product of DMC from the mixture of methanol and DMC with 30 wt.% of DMC based on the simulation model. They have optimized the operating conditions based on the developed process and the optimized condition: 40 of ideal stages, 29th of feed stage, 7~10 of reflux ratio and 1.3 MPa of pressure for pressurized distillation. However, this process has a drawback of high investment of the equipment and lower stability of operation. Our workers, Zhang et al., also developed a novel separation process of atmospheric-pressurized separation process which had the ability to separate the low concentration of DMC for the separation of the mixture with 12 wt.% of DMC base on the 500t/a pilot plant by the simulation model. The sensitive study and the optimization to this process had shown that the reflux ratio for the atmospheric and pressurized distillation had been 3.4 and 1.0 respectively, and 0.65, 0.93 of the distillate to feed ratio for the atmospheric and pressurized distillation. In this process, 99.5wt.% or higher concentration of methanol could be recovered, while the pressurized-atmospheric separation process could only obtained a solution containing 13.3 wt.% of DMC in the recovered methanol stream.
The model simulation and process design for the separation of DMC and methanol has been lettered in many literatures. Much number of the literatures had been presented on the simulation for the DMC synthesis with trans-esterification method, in addition with the detailed research on the catalytic distillation for the DMC synthesis by urea and methanol. However, the simulation work for the other DMC synthesis process had been little reported. Furthermore, the pressure-swing distillation process, the extractive distillation process and the azeotropic distillation process had been developed in the open reported simulative literatures for the product separation of DMC and methanol mixture. Among the derived separation process, the pressure swing distillation process and the extractive distillation process had been considered suitable for the product separation of DMC and methanol mixture.
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